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Introduction

I Determination of the mechanical properties and adhesive strength of thin films in .
° microelectronic devices Is important both during fabrication and in evaluation of long term device )
& reliabllity. Many tests of these properties are avaliable [1-5], but few combine the advantages of an
:' in-sity measurement technique and compatbility with standard inlegrated circull processes. Several

e .types of microtabricated structures for the measurement of the mechanical properties of polymer films !
* have been fabricated in our laboratory [6,7); the structures discussed in this work are suspended Y
(free-standing) square membranes of a polymer fikn supporied on an oxidized sllicon wafer. In this .
\ paper, we report the use of these structures for the jn-alu measurement of adhesion of polymer films.
N - Sample Fabrication
f:' Suspended membranes are made by first fabricaling a square dlaphragm 5 microns in X
;.: thickness in an oxiized silicon waler using photoRthography and snisolropic etching techniques (6]. "
s The wafer is then spin-coated with the polymer of inlerest and the diaphragm s removed with a ‘.
i backside plasma eich 10 creste a free-standing polymer membrane. Square membranes of a
K BTDA-ODAMPDA polyimide (cast without achesion promoter) from 1 10 25 milimeters (mm) on a side
- and ranging from 6 to 15 microns in thickness have been fabricsted using this technique.
. Altemnate structures which are based on the suspended membranes are ‘island’ structures.

To fabricate this structure, the square slicon diaphragm is defined o as to leave a small istand of thick
sificon at the center. The polymer is then spin-cast and cured as for the suspended membranes. Upon

: removal of the silicon disphragm, the suspended membrane is left with a smati silicon island adhered
2 to its center. This siructure is then used as the basis for further aghesion tests.

S

- Mechanical Property Measurements

3

(
X The residual stress and Young's modulus of the fiim cah be determined by measurement of
:l the load-deflection behavior of the membrane (see Fig. 1) (3,7.8]. The wafer is epoxied t0 a subsirate

& which seals the cavity under the membrane and piaced in a chuck which permits the application of ‘
o dilterential pressure by use of sither a pressure source or a microliter syringe. The differential :
@: pressure Is measured using a slicon pressure transducer mounied in the chuck. The entire assembly ]
. is placed on 8 microscope stage with a calibrated z-axis and the deflection d of the film at the center of )
the membrane is measured. ¢

N ' "
¢ . I polytmide W
Q < —> O oxie )
% ' .- :
i Pressure (p) )
 §

J‘I .
] Figure 1. Membrane parsmeters .
Py A theoretical analysis of the load-deliaction behavior has been performed using membrane )
by mechanics (the energy minkmization spprosch of Timoshenko [9)), modified to account for the - =~ "
% presence of resiiual stress [10). This leads o the following relation: . ,+ion qu_-_ K
[
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where p is the applied pressure, E is Young's modulus, O, is the residual stress inthe film, 2aisthe " .. .24

q wng(m.mmm,thwmms.wdkﬂaﬂlmdm“ﬂmo’“"""‘b""‘- P ———
& Using this approach, we have previously found vakies of E«3 GPa and Ge30 MPa for Ihis polyirmide ~Q
o [7]. Knowledge of both the above equation and the mechanical property data are necessary forthe By _ 4
> siudy of polymer achesion using thess structures. vigtribution/
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Adhegion Measurements - Suspsnded Membranes

mmmwummamummmmmy ol
mmmwmmm&m..aymmundmmmpmmonmum
site, the fim will peel off the substrate, forming a biister. Computer simuiations of the biister vdiume or
radius as a function of critical pressure at constant y, indicate that the biister pressure-volume
awmmummmmmmw-hﬁmm the bilster wil grow without
bound. This phenomenon has been observed sxperimentally in previous appiications of the blister
test [11). Our experiment uses a controlied-volume loading to initiste and limit peel. This is
accomplished by injecting pressurizing fluld (air) into the space under the bilster using a calibrated
microliier syringe. The PV work necessary 10 peel (and sireich) the bilster from s inltial to final radius is
measured. The Injected fluid is then withdrawn, and the portion of the PV work that went into
stretching the bllster is measured. This procedure is Rusirated graphically in Figure 2; the shaded area
is the average 7, imes the otal area pesled.

0.007 T
0.008 1
0.008 1
0.004 4
0.003 1
0.002 1

0.001 15¢

'Y

0 60 100 150 200 250 300
INJECTED VOLUME (ul)

ngnz. Adhasion PV data. Sold circies - during peel:
open circles - afier peel.

We have also carried out a theorstical derivation of the critical pressure necessary 1o inliiste
peeling of thin fims of various geometries under tateral loading (pressure) and residual tensile stress
[10]. This wil be usedul as & counterpart 1o the PV analysis described above, and is used 1o calculate 8
lower bound for ¥, should & be impossible 10 nucieats bilsters without fiim fallure. The approach
ulilizes a fracture energy balance and requires knowiedge of the pre-pee! load-deflection behavior of
the suspended membrane. From an energy minimization analogous 10 the derivation of equation (1),
the load-deflection behavior of flims of several geometries with residual tensile stress can all be
described by the equation:

Pakyddekyekyd tJ]

whon Ky, k¥ k1 are funclions of the geometry of the test site and the type of film (plate or
mbranae). For thin on infinktely rigid subsirates, the pesl criterion is:

A2 2
O e Mo N | Y

where A is the generalized load-point displacement of the blister (in this case, blister volume), da/dA is
the incremental dependence of blister size on blister area, and ¢y, cp. &nd cy are
mechanical-property-dependent consiants. Tabile | gives the values of the various paramelers in
oq.mbu {2) and {3) for three biister geometries: the clamped circular plate, the circular membrane,
and the square membrane. By substitution of the appropriate constants into equation (3), and
simultanecus solution of (3) with the corresponding ioad-defiection relation (2), a valus for v, can be
* determined as & function of the critical debond pressure p,, . mo.mmmlmmmnlonm
crilical debond pressure can be related 10 v, once the mechanical properties of the film have been
accurstely determined.
Under certain conditions, equation (3) reduces 10 special cases which have been previously
reported in the Rerakure. For example, in the case of a clamped circular piate with zero residual siress
undergoing small deflections, (cy = C4 = 0) the peei criterion from equation (3) is:

Y= 05p 9, ' @
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Table I. Geometric constants for adhesion model

SQUARE CLAMPED CIR- CIRCULAR
MEMBRANE | CULAR PLATE MEMBRANE
k, 1BEUd 277E1/d 388E¢/a’
K, ) s Et’sa’ o
LY o/ et s1q /et 41G,/a2
¢, 0420 E! 242 E1 0NTEY
G ° suel’ o
Cs 1881 asg Y 1YY
' A 10024/ %2 ‘dixa denn
] da/dA 1/2a 172% 128
> where d_ Is the oritical center deflection at which debond intistes: this relation has been obtained by <@
o “Wiiams [11). ARematively, for the case of & circular membrans undergoing Large deflections with zero K
I residusl siress, (6, = Cy = 0) the peel criterion from equaiion (3) is: .
' Y, =0.828p 4, )

Gent (12] has also analyzed this case aseuming a siightly different load-deflection profile and has X
obtained a value of 0.68 for the premultiplying facior In equation (5).

- For square jast stes under residual stress such as the suspended membranes, Lhe relation
m-y.-uumd.mmq, &t which debond initistes s given by:

¥, = 3-TORL (d/m)* + 4.940,1 (07212 ® 't

The reiation between ¥, mp,mumwmmmammwm;
sllowing determination of Y, 1rof & Measurement of elther p,, of d, Auring peel.

The upper imi of 'y, which can be measured usiig this technique is imited by the tenstie

Mhmhmwmm:mm.tmwm

[ N

B
1
1
§
i
:
i
i
§
|
s
|

For these samples, & lower bound for 7, was caiculated by using the pressure at which the fiim N
rupiured 83 the p, value for the square membrane. b
- hmbmmmwmlmmumcbmmmwndm 4
o rvsoiw.m-umummwuun Ho0 for varying lengths of time. “
Tabie ff gives & summary of the adhesion data obtained from the suspended membranes. Sample 1 )

;. . was not subjected 10 any degredative processing and before biister nucieation; & lower bound N
: for Y, was caloulated from equation () to be 380 . As expected, adhesive strength generally N
decreased with increased immersion time (samples 2-8) akthough this effect was not investigated c:

ase In adhesive sirength was observed (samples 2.3). '

-

i
z
|
E
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deformation, invaiidating the PV analysis. Equation (6) .
uses only one data point 1o osiculate v,, while the PV method Is averaged over the entire wafer. This
may account for dilersnces in the two spproaches. Furthenmore, equation (6) implicitly assumes an
incrementally symmetric peel, which is not strictly comect for the square membrane. However, as pee!
of the square membrane continues, & circuler bilster is formed, aliowing application of the appropriate

o

£ The suspendsd membrane blister test, ke oiher peel lests, is limited by the tensile
Y strength of the fim. One way 10 overcome this problem is 1o use thicker films (13]. In the biister tes!.
i we have addtional flexibily. Different Qeometries for the microfabricated sie are possible which can !
faciitate peet of thinner tims even in Systems with very good achesion. 5
Equation (3) suggests that I a geometry can be found in which dWdA can be Increased,
targer vakues of Y, may be measured at the same load. For simple biisters, this derivaiive is inversely
Wbummﬁun.Dmulnythommbm\ouzﬂahmlhodolhc!bn
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- Table II. Adhesion data ]
IN
L
-
vl o] Sample Emu Analysis method | Yy (sm?)
N
WY
e  I~4md none Equation (9) »360
L] ‘
‘|' 2 =~ 101w, M0 ”.c PV 1.&‘0‘
b ' 18iv. 0,0 90°C 3
|‘:: onv.:no'c Equation (8) -4.4x10
Rl PV aaxt0®
3] esver | 20w non'c
.‘ e uu.ay':s'c v 20
)
y "3 Equation (8) 3
‘;:".: 1 ::1""" ot H,000°C PV 1200 (%)
st
: Equation ($) 3z
| % S| 10010 Meter 1451 000°C|  Equation (8) .
2
e ) o] a0t |14smmon’c|  Equmton s
¥ S
. ) Gxtansive plastis dslarmation cheerved
'.‘;'
::::.
>
';:‘ﬂ, A will slso decrease. This problem is overcome In the Isisnd siructure shown in Figure 3, where the
i,&: Polymer fim will be pesied only off the center lsiand. The deflection A Is a function of the difference a,
&b - &,, where 23, ls the characlerigiic size (edge length or diameter) of the entire suspended membrane,
) while 2a, is ths charactereic size of the lstand. However, the derivalive da/dA s proportional only 1o
} m,.mu.aummmmumuyma,mm.,-a, large.
X Although the orltical pressure analysis for the lsland siructures is considerably more
‘."w N compiicated than for the simple bilsters, an spproximate reistion between p.. and v, based on a circular
e geometry can be developed. For 8 membrane whose load-deflection behavior Is dominated by
A residual tsnslie stress and which is suspended over & circular annuius of inner radius a, and outer
.: radus 8, , Y, 18 related 10 P, by:
&
At 2,2, at 2
: 8%-1
i 1.‘ p. .' — @ n
"a;: gt " e
;02, where 8 Is defined as the snnular ratio 8, / 8,. ARNOUGh approximate, I Is instructive 10 examine ihe
;j@ miting behavior of equation (7). As 8 unity, ¥, spproaches 2060 (since no fim is exposed,
|"“ no adhesion can be measured even al inlinke pressure), while as 8 approachaes infinity, v, gets large
‘:!“. for any pressure p,. Thus, R is theoretically possibie 10 Measure large 7, values st pressures iess than
oy the utimate tensile strees of the fim by making the center isiand sufficiently smal.
. Conoeniric square isiand struciures have been fabricated with an outer size (2a,) of 10 mm
L A and Inner size (2a,) of 1 and 2 mm. Smaller &, values can be oblained by underetching the film on a 1
-‘\$ mm istand untl only 0.25 mm or even 0.125 mm sections of the fim remain achered to the center
oap jsland (Figure 3b). Peel has been achieved using these undereiched siructures. Afthough
shy finke-eloment analysls of the square lsland structure will be required 10 generate accurate vaiues of Y,
! irom obeerved dabond pressures, order of magniude vakes of 7, can be obtained from equgtion (7).
e Preiminary experiments indicate that such vakies are In the range of 1000-3000 J/m, In takr
- sgreement with vakues obtained from sppiication of the peel 1est 10 thicker fims [13).
u‘;:
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Figure 3. island adhesion structures.
(a) side view; (b) side view - undoreiched fMim; (c) top view

Conclusions

Microfabricated test structures for the [n-siiu measurement of adhesion ol thin tilms have
been described. Young's modulus and residual tensile stress are determined from pre-peel
measurement of the load-deflection behavior of suspended membranes. On systems of weak
adhesion, & blilster lest using suspended membranes has been carried out. For systems of good
adhesion, an isiand test structure has been developed aliowing even thin films to be tested.
Mechanical models for all three structures are described.
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